Position and velocity of accommodation are known to increase with stimulus magnitude, however, little is known about acceleration properties. We investigated three acceleration properties: peak acceleration, time-to-peak acceleration and total duration of acceleration to step changes in defocus. Peak velocity and total duration of acceleration increased with response magnitude. Peak acceleration and time-to-peak acceleration remained independent of response magnitude. Independent first-order and second-order dynamic components of accommodation demonstrate that neural control of accommodation has an initial open-loop component that is independent of response magnitude and a closed-loop component that increases with response magnitude.
Introduction
Studies of the dynamic characteristics of accommodation are relatively recent. In one of the early studies, Campbell and Westheimer (1960) recorded accommodative responses to a 2 D step change in defocus using a dynamic optometer. They computed the time taken to complete the step response and the maximum velocity attained as a function of response amplitude. Since then, a variety of experiments have been conducted to explore the dynamic properties of accommodation under normal physiological (Schaeffel, Wilhelm, & Zrenner, 1993) and pathological conditions (Schnider, Ciuffreda, Cooper, & Kruger, 1984) . These studies have characterized the dynamics of accommodation using two first-order parameters: the response duration (Heron & Winn, 1989; Heron, Charman, & Gray, 1999; Heron, Charman, & Schor, 2001; Tucker & Charman, 1979) and the peak velocity (Ciuffreda & Kruger, 1988; Kasthurirangan, Vilupuru, & Glasser, 2003; Mordi & Ciuffreda, 2004; Schnider et al., 1984; Schor, Lott, Pope, & Graham, 1999; Shirachi et al., 1978) . The response duration usually refers to the time constant obtained by fitting an exponential function to the accommodative response while the peak velocity refers to the highest value in the velocity profile. In most studies, both the response duration and the peak velocity have been shown to increase with the response magnitude (see however, Kasthurirangan et al., 2003 for saturation of peak velocity at higher accommodative response magnitudes) (Ômain-sequenceÕ relationship 1 ) (Bahill et al., 1975) . The accommodative plant has been modeled as a first-order system that is controlled by a first-order neural controller (Krishnan & Stark, 1975; Toates, 1972) . The first-order plant, when combined with a first-order neural controller in a negative feedback control system, will have second-order properties (Ogata, 2002) . indicated by Alvarez, Semmlow, Yuan, and Munoz (1999) , the peak velocity, a representative of the firstorder dynamics, does not characterize the dynamics of the system in its entirety. The first-order description does not address how the peak velocity is achieved. For example, peak velocity could be reached by increasing the peak acceleration in proportion to the response magnitude, or it could be reached by holding a fixed peak acceleration for various durations. We can distinguish between these two possibilities by examining the second-order dynamics of the step response.
Several studies have assumed that the accommodative step response is controlled by a step innervation to the ciliary muscle. The ciliary muscle is parasympathetically innervated by the neurons in the EdingerWestphal (EW) nucleus (Warwick, 1954) . Studies on monkeys, in which accommodation was elicited by electrically stimulating the EW nucleus, have used a step input (Crawford, Terasawa, & Kaufman, 1989; Croft et al., 1998; Vilupuru & Glasser, 2002) . Biomechanical models of accommodation have also assumed a step input to the accommodative system (Beers & van der Heijde, 1994 , 1995 Krishnan & Stark, 1975) . These studies imply that the amplitude of the step innervation increases proportionally with the size of the accommodative stimulus. This predicts a proportional increase in the peak velocity and peak acceleration with the magnitude of the accommodative response. Both the response magnitude (Morgan, 1944; Toates, 1972) and peak velocity of accommodation (Campbell & Westheimer, 1960; Ciuffreda & Kruger, 1988; Mordi & Ciuffreda, 2004) are known to increase with the stimulus magnitude, however there is no information concerning the acceleration properties of the system. Information on the acceleration characteristics would provide a test for the step innervation hypothesis.
The main aim of this study was to characterize the acceleration properties of the accommodative response to step changes in defocus. We represented the acceleration properties using three parameters: (1) peak acceleration, (2) time-to-peak acceleration and (3) total duration of acceleration. The variation of each parameter with the response magnitude was analyzed to illustrate how the accommodative step response reaches its peak velocity. Parts of this research were presented in the abstract form at the Association for Research in Vision & Ophthalmology (ARVO) conference (Bharadwaj & Schor, 2003) .
Methods

Subjects
Six subjects (age range: 23-35 years; mean age: 29 years) with normal visual and oculomotor functions took part in the experiment. One of the subjects (SRB) was one of the authors. He was aware of the aims of the experiment while the others were naïve observers. Three subjects were ametropic (KB: +1.00 D; RM: À1.00 D; SRB: À1.75 D) and were fully corrected during the experiment. All the subjects took part in the experiment after signing an informed consent form approved by the Center for Protection of Human Subjects (CPHS), University of California at Berkeley.
Accommodative stimulus-response function
Non-linearities in accommodative dynamics are known to occur at the limits of the peak amplitude of accommodation (Shirachi et al., 1978) . Hence we measured the accommodative stimulus-response function to choose a range of accommodative stimuli that would produce a linear change in accommodative response during measures of the dynamics. A static Badal optometer, which changes the dioptric light vergence subtended by the target while maintaining its angular size (Badal, 1876) , was used to measure the stimulusresponse function. The apparatus consisted of a pointlight-source whose image was collimated when it was positioned 12.5 cm from the Badal lens (+8 D). SubjectsÕ left eye was dilated using 2-3 drops of 2.5% phenylephrine hydrochloride (PHCL) in order to minimize the effect of depth-of-focus on the amplitude measurements (Ogle & Schwartz, 1959; Tucker & Charman, 1975) . SubjectsÕ were instructed to maintain clarity of a row of reduced Snellen targets while bracketing the position of the point light source until best focus was achieved (Hamasaki, Ong, & Marg, 1956 ). Accommodation was stimulated by introducing negative lenses of powers ranging from 0 to 11 D in 1 D steps. The amplitude of the accommodative response was calculated from the distance of the point-light-source to the Badal lens, after correcting the subjectsÕ refractive error with lenses. This procedure was repeated three times for each negative lens stimulus.
Measures of dynamics of accommodation
Recording apparatus
A Generation-V SRI Dynamic Infrared Optometer (Crane & Clark, 1978; Crane & Steele, 1978) was used to stimulate and measure accommodative responses. Optical vergence stimuli were generated using the Ôvisual stimulus deflectorÕ of the SRI optometer (Crane & Clark, 1978) . The stimulator consists of a positive lens that images a remote target at a point in front of a Badal optometer lens by translating the positive lens along the optic axis of the stimulus optometer. The stimulus to accommodation was determined by the distance of this image point from the anterior focal point of a Badal optometer lens. A Pentium computer, equipped with an A/D and D/A board, drove a motor that controlled the position of this positive lens to produce step changes in defocus over a 6 D range. Accommodative responses were sampled at 200 Hz by the SRI recording optometer, which utilizes the Scheiner principle to monitor the conjugate focus of the eye. The accommodative target was a black and white Maltese cross (Fig. 1 ) centered in a 20°circular aperture of the SRI visual stimulator.
Procedure
The left pupil of each subject was dilated using 2.5% PHCL eye drops until the pupil size was greater than 5 mm to ensure artifact-free recordings of accommodation. Full dilation was achieved 50-70 min after drug instillation and was maintained throughout the experimental session, which lasted less than 1 h. Information on the family history of glaucoma and a measure of the anterior chamber depth using penlight examination was collected prior to dilation. PHCL has been shown to reduce the maximum amplitude of accommodation (Mordi, Lyle, & Mousa, 1986) , to reduce the near point of accommodation (Biggs, Alpern, & Bennett, 1959) and to slow the accommodative response times (Mordi, Tucker, & Charman, 1986) . However, the drug is expected to influence the static and dynamic response to all stimulus magnitudes equally, thus minimally influencing our results.
All the measurements of accommodation were taken from the left eye while the right eye was occluded. The subjectsÕ refractive correction was placed in the optical path of the left eye at a point conjugate with the eyeÕs entrance pupil. The subjectsÕ head was positioned in the instrument using a bite bar and a forehead rest.
Calibration trials
Accommodative responses were calibrated using the SRI stimulus optometer.
Step changes in dioptric vergence ranged from 0 to 4 D in 1 D steps and each step stimulus was presented for a 4 s duration. The output voltages from the SRI recording optometer were fit with a linear regression calibration equation that was subsequently used to convert optometer output into units of diopters. The calibration was performed on each subject, and it was used on an individual basis for analyzing the data from the test trials.
Test trials
Each experimental session consisted of 20 trials. Every trial contained a single accommodative stimulus and lasted for a period of 4 s. Accommodative demands were always within the linear range of accommodation, which was 75% of the stimulus-response function. Table  1 gives the individual accommodative amplitudes of the six subjects who took part in the experiment. Accommodation was stimulated in 0.5 D pseudorandomized steps from 0 to 4 D in the 4 ÔyoungÕ subjects and 0-3 D in the 2 ÔolderÕ subjects. SubjectsÕ initiated each trial with a button press following which a defocus stimulus was presented after a randomized delay (0-200 ms) to eliminate effects of prediction on the accommodative response. Frequent breaks were provided during the experimental session to prevent the accommodative system from fatiguing. Lubricating eye drops were administered during the breaks to minimize any corneal irritation caused by refrained blinking during the test trials. Two sessions were conducted on separate days and the data were pooled together for statistical analysis for all subjects except one (SW), for whom only one test session was conducted.
Data analysis
Accommodative stimulus-response function
The static accommodative response to each negative lens power was computed as the average of the three point-source settings. The averaged responses were plotted as a function of the negative lens power (accommodative stimulus) to obtain the accommodative stimulus-response function. The peak region of the stimulus-response function, where the response saturated, defined the amplitude of accommodation.
Measurement of the dynamics of accommodation
Dynamic accommodative responses (diopters) to step stimuli were plotted as a function of time. Velocity (diopters/s) and acceleration (diopters/s 2 ) profiles were computed by differentiating the response traces using a 2-point-difference algorithm and subsequently smoothing the data using a 100 ms window. The start and end of the accommodative response were identified using a velocity-criterion algorithm modified after Schor et al. (1999) . The first sample point where the velocity exceeded 0.5 D/s and continued to do so for the next 100 ms was considered the start of the response. Similarly, the sample point where the velocity fell below 90% of the peak velocity and continued to do so for the next 100 ms was considered the end of the response. The start and end of the response computed by this algorithm was confirmed by visually inspecting the data for each response trace. The difference in dioptric value between the start and end of the response determined the accommodative response magnitude.
The peak velocity of the accommodative response was obtained from the highest value of the velocity profile. The Ômain sequenceÕ relationship was computed by plotting peak velocity as a function of response magnitude. Three parameters in the acceleration traces were analyzed: peak acceleration (diopters/s 2 ), time-topeak acceleration (ms) and total duration of acceleration (ms). Peak acceleration was obtained from the highest value of the acceleration profile. Time-to-peak acceleration was the time taken to accelerate from 0 D/s 2 to the point of peak acceleration. The total duration of acceleration was the time taken to increase acceleration from 0 D/s 2 and decrease back to 0 D/s 2 ( Fig. 2(c) ).
Measurement of the noise of dynamic accommodation
Noise amplitude in an accommodative response is exaggerated when derivatives are computed. Since our acceleration computation involved differentiating the response profile twice, it was necessary to determine the contribution of the noise amplitude in the acceleration traces. The signal-to-noise (SNR) ratio of the acceleration response was computed and compared for two accommodative states: one in the presence of a non-zero accommodative stimulus (2.5 D) and another in the absence of an accommodative stimulus (0 D). Twenty accommodative responses, each to a 2.5 and 0 D step stimuli, were measured in one subject (SRB) using the same procedure as described in Section 2.3 and averaged to give a single accommodative response. The beginning and end of the response were calculated using the velocity-criterion defined above. To compare the 2.5 and 0 D SNRÕs, the responses were time-locked at the start of the response. The velocity and acceleration profiles were then computed from this averaged response using the same technique described above. The root-mean-square (RMS) noise was calculated from the acceleration data for a 300 ms time frame following the end of the response. Every averaged data point in the acceleration trace was subsequently divided by this RMS noise to get a dynamic time-varying acceleration SNR. The SNRÕs between the 2.5 and 0 D response were then compared at the time when the peak acceleration occurred in the 2.5 D response.
Results
Accommodative stimulus-response function
The accommodative stimulus-response curve (not shown) had the characteristic sigmoid-shape for all our subjects (Morgan, 1944) . The amplitudes of accommodation ranged from 8.9 to 4.1 D across our subjects (Table 1) and we selected the range that produced a linear increase in response size to investigate the dynamics of accommodation. Since our primary interest in measuring the accommodative amplitude was only to determine the linear portion of the stimulus-response function, no further statistical analysis was performed on this set of data.
Measurement of the dynamics of accommodation
Examples of a typical position, velocity and acceleration traces of accommodation for 2.5 and 0 D step changes in optical vergence are shown in Fig. 2(a)-(c) . The position traces ( Fig. 2(a) ) showed a characteristic latency period ($300 ms) followed by a smooth and steady increase until the steady state was achieved. The accommodative response magnitudes increased with the step-stimulus magnitudes. First-order and second-order dynamic characteristics of accommodation were plotted as a function of these response magnitudes in Figs. 3, 4, 6, 7, 9. Fig. 2(b) showed a smooth increase in the velocity during the beginning of the response until the peak velocity was reached. This was followed by a gradual reduction in the velocity to a steady state position. An asymmetry in the rising and the falling portions of the velocity curve was observed in most of the responses. The rising portion of the curve was much steeper than the falling portion. This reflects the presence of an abrupt acceleration phase that was followed by a very gradual deceleration phase in the accommodative response. Since the slopes of the rising and the falling portions of the velocity curve are well represented by the acceleration and deceleration components respectively, no quantitative analysis of the velocity slopes was performed. The peak velocity showed a strongly correlated and statistically significant increase with the response magnitude in each subject (StudentÕs t-test; P-value: <0.001). Five of our six subjects had a main sequence slope ranging from 0.72 to 1.23 s À1 while the slope for the one remaining subject (SW) was 1.76 s À1 (Table 1) . Since the main sequence relationship for subject SW contained fewer data points and was more variable than the rest of the subjects, a combined linear regression equation was fit through the data of the remaining five subjects (y = 1.58x + 3.52) (Fig. 3) .
The acceleration traces showed a very prominent acceleration phase and a less conspicuous deceleration phase (Fig. 2(c) ). Fig. 4(a)-(f) shows the peak acceleration plotted as a function of the response magnitude for each subject. Linear regression equations fit separately to each data set showed a small non-zero but statistically insignificant difference from zero slope (StudentÕs t-test; P-value: >0.7). The mean peak accelerations ranged from 44.5 to 89.9 D/s 2 with standard deviations varying from 10% to 20% of the mean across all the subjects (Fig. 5) . Similar to the peak acceleration, the time-to-peak acceleration also did not change with the response magnitude. Slopes of the linear regression equation fit separately to each subjectÕs data did not reveal any statistically significant change of the timeto-peak acceleration with the response magnitude (StudentÕs t-test; P-value: >0.7) (Fig. 6(a)-(f) ). The mean time-to-peak acceleration ranged from 83 to 120 ms with a standard deviation ranging from 15% to 25% of the mean for all the subjects (Fig. 5) . A moderately correlated (r 2 : 0.45-0.55) increase of the total duration of acceleration with the response magnitude was seen for ; TPA: time-to-peak acceleration (ms); TDA: total duration of acceleration (ms). Fig. 3 . ÔMain SequenceÕ relationship (peak velocity as a function of response magnitude) for accommodation for all six subjects. The peak velocity of accommodation showed a statistically significant increase with the response magnitude. The solid line plotted through the data points represents the combined linear regression fit (y = 1.58x + 3.42) for all the data points of five subjects (except SW). The data of subject SW is superimposed along with the other data points for comparison purposes.
all our subjects. The slopes of the linear regression fits ranged from 24.03 to 41.8 ms/D across our subjects and they were statistically significant from zero (StudentÕs t-test; P-value: <0.01) (Fig. 7(a)-(f) ). Table 1 presents the individual mean and standard deviations of the peak acceleration, time-to-peak acceleration and the regression equations describing the total duration of acceleration as a function of the response magnitude for all the subjects. Fig. 8 shows the dynamic time-varying acceleration SNR for the 2.5 and 0 D conditions. For the averaged 2.5 D response, we observed a RMS value of 1.83 D/s 2 and a high SNR (19.9:1) at the time when the peak acceleration occurred. For the averaged 0 D response, the RMS value was similar (2.78 D/s 2 ) but the SNR (1.5:1) was lower than the 2.5 D response at the same point in time when the peak acceleration occurred. 
Signal-to-noise ratio for dynamic accommodation
Measures of the dynamics of accommodation to combined defocus and size changes
In the previous experiment, accommodation responded solely to step changes in retinal image defocus. Distance cues of retinal-image disparity and size were eliminated by monocularly viewing the Maltese cross through the SRI Badal optometer. Defocus per se has been deemed an insufficient cue for estimating both the magnitude and direction (far vs. near) of accommodation (Campbell & Westheimer, 1959; Fincham, 1951) , especially when the defocus magnitude is greater than 2 D (Crane, 1966) . Hence, it is possible that, in our earlier experiment, constant peak acceleration resulted from a constant distance estimate by the accommodative system due to the non-availability of reliable magnitudeestimation cues. Thus, the main aim of this experiment was to determine if the accommodative responses showed similar constant second-order dynamics, independent of the response magnitude, when the magnitude-estimation of distance was made more salient by coupling a step change in defocus with a proportional step change in target size.
Five of the six subjects (except subject SW) took part in this experiment. Accommodation defocus stimuli ranged from 1 to 5 D in 0.5 D pseudo-randomized steps. The defocus change was electronically coupled with the angular size-change of a black and white Maltese cross generated on a CRT screen using the Visual Stimulus Generator graphics board (Cambridge Research Systems Limited). The angular size that the Maltese cross subtended at the entrance pupil of the eye was 1.25°at an optical distance of 100 cms (1 D) and the target was magnified at the rate of 1.25°/D. All other data acquisition and data analysis procedures were similar to the first experiment. The results for the defocus + size condition showed similar trends as observed in the defocus-only condition. Fig. 9(a)-(d) and the bottom row of Table 1 show the data obtained from one typical subject (RM). The peak velocity of accommodation increased with the response magnitude (y = 0.86x + 5.26) by a statistically significant amount (StudentÕs t-test; P-value: <0.001) (Fig. 9(a) ). The peak acceleration remained constant with the response magnitude (mean ± SD: 69.06 ± 13.07 D/s 2 ). The slope of the linear regression equation of the peak acceleration as a function of the response magnitude did not vary significantly from zero (StudentÕs t-test; P-value: >0.7) (Fig. 9(b) ). The timeto-peak acceleration also remained constant with the response magnitude (mean ± SD: 111.2 ± 33.77 ms) (Fig. 9(c) ). The slope of the linear regression equation of the time-to-peak acceleration as a function of the response magnitude did not vary significantly from zero (StudentÕs t-test; P-value: >0.7). The total duration of acceleration showed a significant increase with the response magnitude (Fig. 9(d) ). The slope of the linear regression equation for the total duration of acceleration as a function of response magnitude (14.48 ms/D) was statistically different from zero (StudentÕs t-test; P-value: <0.01).
The coefficients (slopes and intercepts) of the linear regression equation for the Ômain sequenceÕ relationship were compared for individual subjects between the defocus + size condition and the defocus-only condition using a t-test measure that compares the slopes and intercepts of two straight lines (Kleinbaum, Kupper, Muller, & Nizam, 1998) . For subject RM, the slopes of the Ômain sequenceÕ relationship for the defocus + size condition (0.86 s À1 ) and the defocus-only condition (0.83 s À1 ) did not differ significantly from each other (P-value: >0.7). However, the intercepts differed significantly (P-value: <0.01) in the two conditions (defocus + size condition; 5.26 D/s; defocus-only condition: 3.74 D/s) revealing a higher velocity of the step response when size and defocus were combined than in the defocus-alone condition (Fig. 9(a) ).
The mean peak acceleration for RM was higher in the defocus + size condition (69.06 ± 13.07 D/s 2 ) than in the defocus-only condition (50.17 ± 12.04 D/s 2 ). The slopes of the linear regression equations for the peak acceleration as a function of response magnitude in the defocus + size condition and defocus-only condition did not differ significantly from each other (P-value: >0.7). However, the intercepts differed significantly (P-value: <0.01) in the two conditions (defocus + size condition: 64.61 D/s 2 ; defocus-only condition: 42.81 D/s 2 ) revealing a higher peak acceleration of the step response when size and defocus were combined than in the defocus-alone condition (Fig. 9(b) ).
No statistically significant difference in the mean time-to-peak acceleration for RM was noted in the two conditions (defocus + size condition: 111.2 ± 33.77 ms; defocus-only condition: 101.9 ± 36.26 ms). The slopes and intercepts of the linear regression equation for the time-to-peak acceleration as a function of response magnitude did not differ significantly in the two conditions (P-value: >0.5) (Fig. 9(c) ). The slope of the linear regression equation for the total duration of acceleration as a function of response magnitude was shallower in the defocus + size condition (14.48 ms/D) than in the defocus-only condition (24.42 ms/D) and the slopes were significantly different from each other (P-value: <0.05). However, the intercepts did not differ significantly from each other (P-value: >0.3) (Fig.  9(d) ). The longer duration of acceleration in the defocus-alone condition is associated with a lower peak acceleration to yield a lower peak velocity and peak acceleration than in the combined defocus + size condition. All five subjects showed the same significant differences between the two conditions, however when their results were combined into a single data set, the results of the two conditions were not significantly different. In summary, the analysis for individual subjects illustrates an enhancement of the first-order and secondorder dynamics of accommodation in the defocus + size condition and that peak acceleration and time-to-peak acceleration are independent of the response magnitude of accommodation, even when size-distance cues are presented in the stimulus.
Discussion
Prior studies of the dynamics of accommodation have been restricted to the first-order properties of the system. As indicated by Alvarez et al. (1999) , the response time constant and peak velocity do not provide a complete representation of the dynamics of the system. The present study has characterized the acceleration properties of the accommodative step response. Our results can be summarized by the following three points:
1. The peak acceleration remains constant as the peak velocity increases with the response magnitude over the measured range of response magnitudes. 2. The time-to-peak acceleration remains constant as response magnitude increases. 3. The total duration of acceleration increases with the response magnitude.
These results answer a question that is not addressed by the Ômain sequenceÕ relationship: how does the accommodative system increase its peak velocity with response magnitude? We observed that the peak velocity is achieved by increasing the total duration of acceleration with the response magnitude, as opposed to changing the amplitude of peak acceleration.
Influence of noise on the acceleration traces
Noise present in the accommodation position traces can originate from a number of different sources: noise from the accommodative plant, neural noise and noise from the measurement apparatus. Since the magnitude of noise is known to increase with the process of differentiation, it can be difficult to distinguish noise from acceleration signals. The RMS value was calculated for a time period of 300 ms following the end of the response and it was used as an indicator of the total noise from all sources. A high SNR ratio of 19.9:1 obtained for the 2.5 D response indicates that the peak acceleration was 19.9 times greater than the average noise fluctuations. The RMS value for the 0 D response (2.78 D/s 2 ) was only marginally higher than that for the 2.5 D response (1.83 D/s 2 ) indicating that the acceleration noise fluctuations did not change significantly during the accommodative step response. If we assume that the noise level remained constant across all response magnitudes, then the noise fluctuations only contributed between 4.12% and 2.04% to the peak acceleration that ranged between 44.5 and 89.9 D/s 2 respectively across our subjects. Thus, it is safe to conclude that random noise fluctuations have minimal influence on the peak acceleration that were obtained in our experiment.
Effect of size and defocus change on dynamics of accommodation
We tested the possibility that the constant amplitude of the early open-loop phase of acceleration seen in the defocus-only experiment was due to a lack of sufficient distance cues to form a reliable estimate of defocus magnitude. Target-size change was coupled with the defocus to provide a robust cue to estimate the distance cue for accommodation. We observed higher values for peak velocity and peak acceleration with the added size cue even though the response amplitude in either condition did not increase with stimulus magnitude. This result demonstrates that first-order and second-order properties of the step response increase with the salience of the distance cue to accommodation. However, as with the defocus-only condition, combined size and defocus produced a peak acceleration and time-to-peak acceleration that remained constant as step response magnitude increased. This indicated that the non-availability of reliable defocus-magnitude estimation cues was not responsible for the constant of the peak acceleration and time-to-peak acceleration in the first experiment.
Innervation to the accommodative system
The innervation to the accommodative system has been modeled as a single step-input to the ciliary muscle and the size of the step is increased proportionally with the accommodative stimulus magnitude (Beers & van der Heijde, 1994 , 1995 Krishnan & Stark, 1975; Toates, 1972) . Such a step-increase in innervation predicts a proportional increase in both the peak velocity and peak acceleration with the accommodative response magnitude. However, we observed that only peak velocity increased proportionally with the response magnitude while the peak acceleration was invariant as response magnitude increased. This relationship was observed even when the saliency of the distance cue was enhanced. The independent control of the first-order and second-order dynamics suggests there is a dual-innervation input to the accommodative step response. The constant peak acceleration and time-to-peak acceleration demonstrates that there is an initial open-loop innervation component that is invariant with the response magnitude and that it is combined with a closed-loop innervation component that changes proportionally with the response magnitude.
The dual-innervation input for the accommodative step response is also suggested by interactions between saccades and accommodation (Schor et al., 1999) . The peak velocity of accommodation is enhanced when it is accompanied by a saccade even though the response magnitude remains unchanged. This observation is contrary to the single step-position input, which would predict an enhancement of both the position and velocity of the accommodative response in the presence of a saccade.
ÔMain SequenceÕ relationship: agreement with previous experiments
The peak velocity of accommodation increased linearly with the response magnitude over the range of stimulus magnitudes tested. The combined linear regression slope for the five subjects (except subject SW) was 1.58 s À1 , while the individual slopes ranged from 0.72 to 1.76 s À1 . The linear increase in the peak velocity with response magnitude is in agreement with the behavioral observations of voluntary and reflex accommodation to step changes in optical vergence by Ciuffreda and Kruger (1988) and EW nucleus stimulated accommodation by Vilupuru and Glasser (2002) .
Our results differ from those of Kasthurirangan et al. (2003) in that we did not observe a saturation of the peak velocity at higher response magnitudes. Kasthurirangan et al. (2003) observed that the peak velocity of accommodation saturated at response amplitudes larger than approximately 3-3.5 D. In contrast, we found that peak velocity of accommodation increased linearly over the same response range. Differences in the method of analysis and the range of accommodative stimuli used in the two studies could explain the difference in results. Kasthurirangan et al. (2003) assumed in their analysis of peak velocity that the accommodative step response was an exponential, and they divided the peak amplitude by the exponential time constant to compute peak velocity. Shirachi et al. (1978) show that the exponential is only a first-order approximation of the accommodative step response and it is best described with higher-order, nonlinear function. Our analysis made direct measures of velocity without assuming any function for the step response. In our study, the accommodative stimulus range (0-4 D) was designed to lie within the linear range of the accommodative stimulus-response function. However, the accommodative stimulus range (1-7 D) used by Kasthurirangan et al. (2003) included the soft-saturation limits of the accommodative stimulus-response function in five of their eight subjects (see Fig. 5 in Kasthurirangan et al., 2003) . As pointed out by the authors, accommodative dynamics are known to exhibit non-linearities at the limits of the maximum amplitude of accommodation (Shirachi et al., 1978) . Hence it is likely that nonlinear saturation effects could have caused the peak velocities measured by Kasthurirangan et al. to saturate at larger response magnitudes. 6.5. Are the acceleration dynamics unique to the accommodative system? Accommodation is not the only oculomotor sub-system that exhibits independent control of peak velocity and peak acceleration. The saccadic and the pursuit eye-movement systems have acceleration characteristics similar to those of the accommodative system. Collewijn, Erkelens, and Steinman (1988) systematically studied the first-order and second-order dynamics of human saccadic eye movements. The authors analyzed the acceleration dynamics using two parameters: the time taken to reach the peak velocity and the initial slope of the velocity profiles. These parameters are equivalent respectively to the total duration of acceleration and the peak acceleration analyzed in our study. They observed that the time to reach peak velocity increased proportionally with the response magnitude while the initial velocity slope (acceleration) remained constant with the response magnitude. These results are consistent with our observations of the accommodative system. Lisberger and Westbrook (1985) studied first-order and second-order dynamics of pursuit eye movement initiation to step-ramp stimuli in rhesus monkeys. They observed that in the first 20 ms following pursuit initiation, the eye acceleration was independent of the initial position and velocity of the moving stimuli. This suggested there was an early open-loop component of pursuit initiation. It thus appears that the constant peak acceleration property of the accommodative step response is a general characteristic of many oculomotor sub-systems and it is not unique to the accommodative system.
Conclusion
This study demonstrates that step changes in optical defocus result in accommodative responses whose magnitude and peak velocity increase with the stimulus magnitude while the peak acceleration remains constant. The peak velocity of accommodation is controlled by the duration of acceleration and not by the amplitude of acceleration. The independent control of first-order and second-order dynamics of accommodation are contrary to the predictions of a simple step-position input and suggest that there is a dual-innervation input to the accommodative step response: an open-loop component that is independent of the response magnitude and a closed-loop component that increases proportionally with the response magnitude. the two anonymous reviewers for their useful comments on the manuscript. This research was supported by NIH Grant EYO -3532 to Clifton M. Schor.
